Local Registration and Deformation of a Road Cartographic Database on A SPOT Satellite Image by Rellier, Guillaume et al.
HAL Id: inria-00072711
https://hal.inria.fr/inria-00072711
Submitted on 24 May 2006
HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.
L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.
Local Registration and Deformation of a Road
Cartographic Database on A SPOT Satellite Image
Guillaume Rellier, Xavier Descombes, Josiane Zerubia
To cite this version:
Guillaume Rellier, Xavier Descombes, Josiane Zerubia. Local Registration and Deformation of a Road










   



















ap por t  
de  r ech er ch e 
THÈME 3
INSTITUT NATIONAL DE RECHERCHE EN INFORMATIQUE ET EN AUTOMATIQUE
Local registration and deformation of a road
cartographic database on a SPOT satellite image
Guillaume Rellier — Xavier Descombes — Josiane Zerubia
N° 3939
Mai 2000
Unité de recherche INRIA Sophia Antipolis
2004, route des Lucioles, B.P. 93, 06902 Sophia Antipolis Cedex (France)










































_#bj#sLad`bj#cBcb³lblrn&c! ° sLnrqx{zqxj#ccRq¶µ bn&cbj#pc}9qxa9 sLnrloFjml&c}\cbjmlrn&ctc}9sLjj#c}~®  c
x³#}¨y#tc}p~oFnrl&sL{znoF_#c} cb³§|cbjml)oFn5¬sLqt}qxjmlrn&s?R³qxn&cc}Rqt}rl&sLnrlrqtsLj#}¤#oFj#}tc}p~oFnrl&c}oI¿#j
c}&sL³xqx{zj#cbnpcbnrloFqxj#}bloFqxt}"Z³#cn&c}&cbjZl&c<ofn&sL³l&c«X<oLpcbl&} ³j#cn&sL³l&ccadsLjmloF{zj#c¨­$#
p% c}&l<o{|bj#bnoFxqt}oFlrqtsLj®&' oFx{|sLnrqxlr_adcn&sLsz}§?qt}&c( psLnrnrqx{|cbntc}cbnrn&cb³n&}R³#c}oF³¦nr³qxl
cbl) <oT{|bj#bnoFxqt}oFlrqtsLjyWcbl) BoFadbxqtsLn&cbnE<on&pbqt}rqtsLj±R³¾lrnoLpdc}n&sL³l&c}~®*Uoadblr_#s?c
n&sL sz}&c¤psLj#}rqt}rl&c( ElrnoFj#}r¬sLnradcbn<osLjj#c¤p~oFnrl&sL{znoF_qZ³#ccbjT³j\{znoF_#czycblcbj#}r³qxl&c 
P¿#jqxn³jup&_)oFa9ucf"oFnr¡|s¨§oI¿#j°c¤ oFqxn&cEpsLnrn&c}&sLj#Rn&ctc{znoF_#ccbl qxaDoF{|c
+ Æ ~ Ä -,  ¾ _)oFa9#}fc9oFnr¡|s~§ y¹n&}&c~oF³R²n&sL³lrqtcbn&}~yUl&btcbl&cpblrqtsLjyUn&cp~oF<oF{|czyp~oFnrl&sFv
{znoF_qtcz®
 
			 !"#$%	&'()# *,+.-$/01  e
2 
3
3 465 ~ Æ Ç z87 Æ 5 9
: + Æ Ç Â ,7 5; Æ=< 8> Â Ç]R~ ?
@  ¯BA ÆDC 7X 5  Æ Ç Â , <ºÆ  , Æ | ,T Â ; 7X~FR87 Æ 5  5 Ç ÇE7X Æ I87 Æ 5 ÆF<  Æ Ç
¯HG I
eR®KJ Lo½|c}rq<oFj"psLjml&cP²Rl!®E®®E®®E®E®®f®®E®®E®E®®E®®f®E®®E®®E®®E®f®®E®® M
eR®  oFRvºcbcbj#cbjZl¤cbj#cbnr{z½ ®®E®E®®f®®E®®E®E®®E®®f®E®®E®®E®®E®f®®E®® N
eR® e nrqtsLn¤cbj#cbnr{z½ ®E®f®®E®®E®®E®E®®f®®E®®E®E®®E®®f®E®®E®®E®®E®f®®E®® 
9 TÂ ,=~ 3D@
? O Æ 5  , 87 Æ 5 3DP
Q
QSR!THUVWUV
   1  D%   	
	$8"	 W6%'W (W" 	H'

















aDoFjZ½Bo~½?}l&sTpsLa9³l&clr_#cf)oFlr_TrsLqxjqxj{\lksT sLqxjml&}}r³ sz}&cul&s\¦ c}rqxlr³)oFl&c"sLj"lr_#c
}4oFadcDn&s|oL¹®¾ pb<oL}&}rqtp~oFoFn&s|oLp&_¸qt}l&s°³#}&cD{znoLRqtcbjZlDsLn UoF<oLpbq<oFj ¿#xl&cbnrqxj{#y }r³#p_¸oL}
o oFjjm½Zv  cbnrqtp&_#cB¿#xl&cbn  eºy sz}&}rqx¦x½¾¬sLxts¨c ¦m½±_m½R}rl&cbn&c}rqt}¼lr_n&c}r_#sLtRqxj{#yoFj# l&s
¦³qxt¾xqxj#c~oFnE c~oFlr³n&c}¬n&sLa!lr_#c9n&c}r³xl! "º®D^_qt}Eadcblr_#s?´qt}woL}rl~y¦³lEqxlsZc}j#sLlfloF¡|c




oFtsLj#c$KJ!J% MWsLn¤a9q¶²c°qxlr_}rl&s?p&_)oL}rlrqtpads?cbt}&KJºy_)o~§|c9oFt}&sDn&s¨§|cbjl&s\¦ cE s~cbn5X³w®
^_#cbqxnaDoFqxj°Rno~¦)oLp&¡Bqt}lr_#ccP¿#jqxlrqtsLj"sF}rloFnrlrqxj{oFj#ucbj#Rqxj{D sLqxjml&}¨y#_qtp&_°n&c m³qxn&c}
}sLadc}r³ cbnr§?qt}rqtsLj®  cbn&cbqxjyFlr_#c}&csLqxjZl&}3oFn&coF³l&sLaDoFlrqtp~oFxx½cP¿#j#cqxlr_qxj¼lr_#cn&sLsz}c
oFx{|sLnrqxlr_aB®
'¾cn&sLsz}&co"adcblr_#s? ¬sLn¼n&cb{zqt}rlrnoFlrqtsLjÀ¦)oL}&c·sLj¸o"{znoF_·adsZcbxqxj{¾sF¤lr_#cn&s|oL
#oFloF¦)oL}czyoFj# lr_#cT³#}&csF¤oFnr¡|s~§ oFj#sLa+©]qtcbt}dsLj lr_qt}¼{znoF_®±hkj·}&cpblrqtsLj¸Ry3c
n&c}cbjmlflr_#cdadsZcbxqxj{"sFsL¦Rrcpbl&}oFj#±#oFloRyUqxj¯)oFnrlrqtpb³<oFnlr_#cD{znoF_¯ads?cbxqxj{°sFlr_#c


























 y  ¦cbqxj{Tlr_#c}&cblsF Wby  lr_#c}&cblsF WdoFj#  lr_#c}cblsF j#s?c
oFlrlrnrqx¦³l&c}¨®hºj9lr_#cn&sL sz}&c9ads?cbwy|lr_#cj#sZc} oFn&cp&_)oFnoLpbl&cbnrqt}rlrqtpsLqxjZl&} sF lr_#cj#cblºsLnr¡
« 5³j#pblrqtsLj#}~yW_qx{z_ pb³nr§LoFlr³n&c\ sLqxjml&}4­Py3oFj#±lr_#cDcR{|c}¼cP¿#j#c\lr_#cDn&s|oL}lr_)oFl5sLqxj±lr_#cbaB®
^_#c\sLjx½¾oFlrlrnrqx¦³l&c\sFc~oLp&_ j#s?c9qt}Eqxl&}fsz}rqxlrqtsLj±qxj¯lr_#c9qxaDoF{|cz®^_#c}c\oFlrlrnrqx¦³l&c}¼oFn&c
psLj#}&qtcbn&cdoL}WnoFj#sLa §LoFnrq<oF¦tc}3E® n~® l~®_qtp_Do¤n&sL¦)oF¦qxxqt}rlrqtpads?cbRqt}W¦³qxxl~®^_#cn&s|oL}
¦ cblºccbjlr_#c j#sZc}]oFn&c psLa9³l&cqxjocbl&cbnra9qxjqt}rlrqtp o½E{zqx§|cbjlr_#c3j#s?c} sz}rqxlrqtsLj®]^_#c
{znoF_±qt}¦³qxxlf³#}&qxj{ulr_#c9qxjR sLnraDoFlrqtsLj±sF}r_)oF cu«Xjm³a¦cbn¼sFj#sZc}oFj#´xqxj¡R}E¦ cblºccbj
lr_#cba\­\oFj#¸ sz}rqxlrqtsLj sFlr_#c°p~oFnrl&sL{znoF_qtp#oFloR® s?p~oF¤n&cb{zqt}rlrnoFlrqtsLj¥qt}\ cbn5¬sLnradcÀ¦m½
oLF5³#}rlrqxj{Blr_#cDj#sZc}fsz}&qxlrqtsLj±oFj#¯Rqt}rl&sLnrlrqtsLj sFcR{|c}Eqt}E cbn5 sLnradc¾¦m½´cbl&cbnra9qxjqt}rlrqtp









M  1  D%   	
	$8"	 W6%'W (W" 	H'











^_qt}9¿)cbt  qt}DoL}&}r³adc¸l&s¬sLxts¨ onrqtsLnDn&sL¦)oF¦qxxqxlº½)('*   $+T«Xj#sLl&c,('*-$+
_#cbn&c~oI¬l&cbn4­P®3^_#cE#oFloDoFn&cadsZcbtc°oL}¬sLxts¨})#
. lr_#cp~oFnrl&sL{znoF_qtp9#oFlo/ qt}oL}&}r³adc°l&sT¦co\{znoF_"}rqxa9qx<oFnl&s  y qw® cz®oD{znoF_












^_#cfoFxqtp~oFlrqtsLj°sFWlr_#c Lo½|c}rq<oFj°nr³tc{zqx§|c} sLnlr_#csz}&l&cbnrqtsLnn&sL¦)oF¦qxxqxlº½BsF  #
( 5 *-$
9 &:+  (657*<&=9 $8+(657*-$8+(65 *<&:+
j#}rqxj#pcElr_#caDoF>& qt}{zqx§|cbj #
( 5 *-$
9 &:+#?@( 5 *<&=9 $8+( 5 *-$8+




















*  Y *-$+Z  [W\*-$8+ +
^Us\n&c~oLp&_"lr_#cf}&sLx³lrqtsLjycf³#}&cf}&qxaf³<oFl&c´oFjj#c~oFxqxj{\_qtp_¾oL}&}r³n&c}psLjZ§|cbnr{|cbj#pc¼l&s
lr_#c{ztsL¦)oFa9qxjqxaf³a  N º®
'¾cj#s¨0cP¿#j#clr_#clks¼psLa9 sLj#cbjml&}sFlr_#cn&sLsz}&c\ads?cb)l&sLloF cbj#cbnr{z½ #  *-$8+ 
 YB*-$8+Z  [W\"*-$8+®

	     4 "!
^_#c3aDoFRvºcbcbj#cbjZll&cbnra sF?lr_#c3cbj#cbnr{z½|y  Y *-$8+yFcP²Rn&c}&}&c}¹lr_#cpsLj#}rqt}rl&cbj#pb½¦cblkccbjlr_#c














  1  D%   	
	$8"	 W6%'W (W" 	H'
 	
  '   $%F>$  6  FDW>*-$  $ 
 $	 
 !! 
 $"  $+#$,	  




/AH$1!F )'     1F  $ FB$&$)	     F! B*-$ 
 $+   3CH 
H )1  &D    ' 	  W !	 	D*  :*-$ 
 $ +FEG$"+ 1)3C , &H)  %'	
 FW )  D  IH>,
©#sLncP²#oFa9tczylr_#cERqt}rloFj#pc¦ cblºccbjul&s¼j#s?c}WrsLqxj#c¦m½BoFjBcR{|cqt} Jz®
'¾cEcP¿#j#clr_#caDoFRvºcb cbj#cbjmlcbj#cbnr{z½oL})#
 Y2*-$8+   J IQP-KGL PNMHRPO  
Y *-$ 




^_qt}qt}o9oFnr¡|s~§?q<oFjucbj#cbnr{z½E® n~® l~®lr_#c sLxts~qxj{dj#cbqx{z_Z¦sLnr_#s?s?u}r½R}rl&cba #
$WVYX P-K q¶3oFj#sLjx½q¶[Z $]\ $B*-$ 
 $ +_^/`
^_#cE sLl&cbjmlrq<oFt}  Y *-$ 
 $+oFj#  TY *-$ 
 $ 
 $% +}rloFj#n&c}r cpblrqx§|cbx½ sLnlr_#c¿#n&}rl¤oFj#
lr_#c}cpsLj#BpsLj#}rlrnoFqxjml&}¤cP¿#j#cn&cb§?qtsL³#}rx½|®
 Y *-$ 
 $ + ba c *GBQdfe g *-$ 
 $ + +
_#cbn&cWBQdIe-g *Gh 
Di + qt}lr_#cWj³#pbxqtc~oFj°Rqt}rloFj#pcE¦cblkccbjuj#s?cWhToFj# i ®
j# #
 TY *-$ 
 $ 
 $% + /k  L  L %7*Gl  L  L % +
_#cbn&cWl  L  L %qt}lr_#cEoFj{ztc¬sLnradcB¦m½lr_#clºsD}&cb{zadcbjZl&}nm $  
 $  o oFj#1m $  
 $% o ®
^_#cX³j#pblrqtsLj a p|y|_#sz}&coFnr{z³adcbjZl qt}lr_#cqj³#pbxqtc~oFj\Rqt}rloFj#pc¦cblkccbj\lºsfj#sZc}3qt}
o¤psLjZ§|cP²¬³j#pblrqtsLjdloF¡?qxj{qxl&}Wa9qxjqxaf³a'§LoFx³#c_#cbjFBSdIe g *-$ 
 $ +  BSdIe g *-$ Y 
 $ Y +«X_#cbn&cBSdIe-g *-$ Y 
 $ Y +3qt}lr_#crj³#pbxqtc~oFj"Rqt}rloFj#pcEsFWlr_#cEpsLnrn&c}r sLj#Rqxj{dj#s?c}qxjBlr_#caDoF­P®
^_#cE¬³j#pblrqtsLj k  L  L %loF¡|c}EoL}¤oFnr{z³adcbjZllr_#cf§zoFx³#c¼sF3lr_#c¼oFj{ztcf sLnradc°¦Z½Blr_#cpsLjRv}&qtcbn&c°lr_n&cc9psLj#}cpb³lrqx§|c¼j#sZc}~®hºl&}p_)oFnoLpbl&cbnrqt}rlrqtp}Eqt}¤l&s¦ ccP¿#j#c" sLnlr_#c¼qxjml&cbnr§zoFm s 
 `ut o yl&sdloF¡|cfqxl&}a9qxjqxa³a  sLnvl  L  L %  l Y L  L % «X_#cbn&cnl Y L  L % qt}lr_#coFj{ztcfsFlr_#cpsLnrn&cPv}&sLj#Rqxj{Tj#sZc}¤qxj"lr_#cfaDoF­PyoFj#°l&s\qxj#pbn&c~oL}&cqxlr_°lr_#cRq¶µ cbn&cbj#pc¦ cblºccbjwl  L  L %¼oFj#l Y L  L % ®
(*) Q+(-,
 
			 !"#$%	&'()# *,+.-$/01  
©#sLnlr_#cEcP²RcbnrqxadcbjZl&}~y auc oFj# k  L  L %cbn&cfcP¿#j#c°oL} sLxts~} #a p7*GB+  *GB wBSdIe g *-$ Y 
 $ Y + + T
k c %O*Gl
+   *Gl wl Y L  L % +Ump`ut o =T
^_#cbn&cP¬sLn&czyFlr_#c3sLlrqxaDoF?psLjR¿#{z³noFlrqtsLj#}qxlr_fn&c}rcpblUl&slr_qt}¹¿#n&}&ll&cbnra oFn&clr_#cpsLjR¿#{Lv




	S   O  >  !
^_#cl&cbnra  [\"*-$8+loF¡|c}qxjZl&soLppsL³jmlElr_#cqxjR sLnraDoFlrqtsLj¾{zqx§|cbj¦m½ulr_#c¼qxaDoF{|czyU}rqxj#pclr_qt}






lr_#ccP²R cpbl&c·}&cpblrqtsLj¸sFlr_#cn&s|oL ¦ cblºccbjÀlºs´j#s?c}¼qxjÀocbl&cbnra9qxjqt}rlrqtpo~½±³#}&qxj{
o±R½?j)oFa9qtp°n&sL{znoFa9a9qxj{ÀoFx{|sLnrqxlr_aB® ^_#c°n&c}r³xlrqxj{ )oFlr_ ¦cblkccbj lºs j#sZc}sLjx½
cb cbj#}sLjDlr_#cbqxn  sz}rqxlrqtsLj\qxjDlr_#cqxaDoF{|coFj#\lr_#c{zn&cb½9tcb§|cbpsLjR¿#{z³noFlrqtsLjsFlr_#cqxaDoF{|cz®
^_#c)oFlr_9¦cblkccbjDlksEpsLjj#cpbl&cdj#sZc}qt}sL¦loFqxj#cd¦m½a9qxjqxa9qx»qxj{opsz}rlW¬³j#pblrqtsLj
«¬cb cbj#Rqxj{¯sLj·lr_#cpsLjZlrnoL}rld¦ cblºccbjÀlr_#c)oFlr_ÀoFj#·lr_#c¦)oLp&¡?{zn&sL³j#¹ylr_#c{zno½ tcb§|cb
oFtsLj{lr_#c¼)oFlr_ oFj#lr_#c¼tsZp~oF3pb³nr§zoFlr³n&c¨­P®9^_#c¼a9qxjqxa9qx»¨oFlrqtsLj±sFlr_qt}Epsz}rl¬³j#pblrqtsLj´qt}
 cbn5 sLnradc ¦m½ lr_#cR½Zj)oFa9qtpn&sL{znoFa9a9qxj{ oFx{|sLnrqxlr_a n&c}&cbjZl&c¸qxj KJ!J KJ~ºycbnrqx§|c
¬n&sLa lr_#c´©±oFx{|sLnrqxlr_a   ºylr_)oFj¡R}l&s lr_#c j&hfj¢j3 n&sL{znoFaByqxa9tcbadcbjmlrqxj{¥lr_qt}
oFx{|sLnrqxlr_aB®
cbl $oFj#4$9¦ c¼lr_#cdlksBj#s?c}Ecbj#Rqxj{°lr_#cdpsLj#}rqtcbn&c¯cR{|cz®  cP¿#j#cDoT¬³j#pblrqtsLj
yp~oFxtc°sLl&cbjZlrq<oFw®^_qt}¬³j#pblrqtsLj°qt}cP¿#j#c"sLj°lr_#c}&cbl¤sF lr_n&ccRqt}&lrqxj#pblq¶²cb]}cbnrqtc}e-5y]eDoFj# e=%Zy }r³#p_·lr_)oFl e oFj# eDsLj·sLj#c_)oFj#¹yoFj#/eDoFj#/e %sLj·lr_#csLlr_#cbn~yoFn&c
j#cbqx{z_Z¦sLnqxj  IvºpsLjj#cpblrqx§?qxlº½8e-oFj#we %9a³#}rlj#sLl¦ cj#cbqx{z_Z¦sLn&}¨y¹qxj¾sLn&cbnl&sTxqxa9qxllr_#c







J~  1  D%   	
	$8"	 W6%'W (W" 	H'
e %












©qx{z³n&c #^_#csz}}rqx¦tcWe=%f sz}rqxlrqtsLj#}~ye  oFj#[e  ¦ cbqxj{¼¿²Rc¹®
. {zno½tcb§|cb_#sLadsL{|cbj#cbqxlº½uoFtsLj{Dlr_#cE}&cbnrqtc}~y
. psLjmlrnoL}rl¦ cblºccbjulr_#clr_n&ccEn&s|oLq¶²Rcbt}oFj#lr_#cE}rq¶²Tj#cbqx{z_m¦ sLn&}~®
'¾c°oFt}&s¯oL ots?p~oFpb³nr§zoFlr³n&c°psLj#}&lrnoFqxjml~y cbj)oFxqx»qxj{±pb³nr§|c¥)oFlr_#}DqxjÀ o~§|sLn\sF
}&lrnoFqx{z_ml)oFlr_#}~® ^_qt}½Zqtcbt}lr_#c¤¬sLxts¨qxj{\cP²Rn&c}&}rqtsLj #
  vZ  T Z   
v *-$ 
 $ 
 $%7+  l *  
	 *-$ 
 $ 
 $%7+    *-$ 
 $ 
 $%7+ +
 T *-$ 
 $ 
 $% + 
 $ Y J   4$ Y J T 
'¥_#cbn&c>$ Y J  oFj#)$ Y J T oFn&c°n&c}rcpblrqx§|cbtcb½·lr_#c°adcRq<oFj0§LoFx³#c°sFElr_#cBlr_n&cc°n&s|oLq¶²cbt}oFj#lr_#cadcRq<oFj°§LoFx³#csFWlr_#cE}rq¶²¦)oLp&¡?{zn&sL³j#Bq¶²cbt}~®
   *-$ 
 $ 
 $% +  Z s9q¶lr_#clr_n&ccq¶²cbt}oFn&cEsLj"o¼}rlrnoFqx{z_mlxqxj#c q¶]lr_#cElr_n&ccq¶²Rcbt}cP²?_qx¦qxlot\oFj{ztc
cbloB)oFlr_¯¦ cdcP¿#j#c±¦m½lr_#cD}cbnrqtc}sFq¶²cbt}ne=  $ 
 !! 
 e=% 
 e %'&  
 !! 
 e "  $
}&³#p&_lr_)oFlc~oLp&_´lr_n&cc9psLj#}&cpb³lrqx§|c¼q¶²cb}&cbnrqtc}¤¦cbtsLj{|}l&sTlr_#c¼sLaDoFqxj¾sFcP¿#jqxlrqtsLj¾sF
®  cP¿#j#cElr_#ccbj#cbnr{z½sFWlr_#c)oFlr_ #
 *+  PNM 
P-K  * e  K  
 e- 
 e- &  +
Lcp~oF³#}cEsF]lr_#ccP¿#jqxlrqtsLj"sF]lr_#cfpsz}rlX³j#pblrqtsLj  yRlr_#cloFnr{|cbl)oFlr_ 	Bqt}}r³#p_Blr_)oFl)#
(*) Q+(-,
 




  \  *+  \
PNM 
P-K  * e- K  
 e- 
 e  & X+
^_#cbjTlr_#cn&sL¦tcba n&cR³#pc}l&sf¿#j#\lr_qt}a9qxjqxa³a cbj#cbnr{z½D)oFlr_®^_#c¤a9qxjqxaDoF )oFlr_
qt}fsL¦loFqxj#c¾³#}rqxj{uoR½?j)oFa9qtp9n&sL{znoFa9a9qxj{"}&p&_#cbadcz®\^_#cDoFx{|sLnrqxlr_a qt}¦)oL}c¾sLj¯©my
oFj#upsLj#}rqt}rl&}qxj°}rccbqxj{Tlr_#cqxaDoF{|cEqxju¬sL³nRqxn&cpblrqtsLj#}¤oFj# cbn5 sLnra9qxj{To9}r³a9aDoFlrqtsLjRv
a9qxjqxa9qx»¨oFlrqtsLj°n&sZpc}}~yR³#}rqxj{d sLl&cbjmlrq<oF  «¬}&cc KJ!J¹ sLnadsLn&ccbloFqxt}4­P®












¢?sLadcn&s|oL}p~oFjD¦ c§|cbnr½9n&sLj#sL³j#pc¹yoFj#dlr_Z³#}oFlrlrnoLpbl³j#cP²? cpbl&c\)oFqxn&} sFj#s?c}~y
¦ cp~oF³#}&cEsFWlr_#cE§|cbnr½ts¨2qxaDoF{|cPvºcbcbj#cbjZlsLl&cbjZlrq<oFUlr_#cb½n&s~§?qtcz®^_qt}qt}lr_#cn&c~oL}sLj
_Z½lr_qt}  j#sLjRvºs¨§|cbnr<oFqxj{ Tcbj#cbnr{z½  [W\ L  *-$8+qt}fj#ccc¹®^_#cd sLl&cbjmlrq<oFoL}}&sZpbq<oFl&c¯l&s [\ L  *-$+qt}Uc Z³)oFml&slr_#c jZ³af¦ cbn]sFq¶²cbt}Ulr_#cpsLj#}rqtcbn&c}&cpblrqtsLjsF#n&s|oLf_)oL}UqxjfpsLa9adsLjqxlr_ulr_#csLlr_#cbn}&cpblrqtsLj#}sFWn&s|oL¹®
^_#cEcP²?n&c}}rqtsLjBsF  [\ L  *-$+ qt}{zqx§|cbjB¦Z½ #
Q
QSR!THUVWUV
J~  1  D%   	
	$8"	 W6%'W (W" 	H'
'H 'IH
©]qx{z³n&c   # ^sD sz}&}rqx¦tcfpsLjR¿#{z³noFlrqtsLj#} sLnlks\)oFqxn&}sFj#s?c})#3qxj #³#cbj#pcsFlr_#cEj#s?c
 sz}rqxlrqtsLj#}EsLj¯lr_#c9psLa9³l&c¾)oFlr_#}\«Xqxj´n&c)­_qtp&_±p~oFj±s~§|cbnr<oF¯q¶}&sLadc9j#s?c}foFn&c9l&s?s
j#c~oFn«Xnrqx{z_ml4­
6[\ L  *-$+   
 L     L [W\ L  *-$8+   J I P-K L PNMHRQO J I P R L P
	 RSO 
6[W\ L  *-$  
 $  
 $% 
 $-+
_#cbn&c5e>  *-$ 
 $ +qt}¤lr_#cn&s|oL}&cpblrqtsLjTrsLqxjqxj{$oFj#:$zy	e T  *-$% 
 $<+lr_#cn&s|oL}cpblrqtsLj95sLqxjqxj{1$%oFj# $wy#oFj#lr_#cEsLl&cbjZlrq<oFqt} #
  KL  M[\ L  *-$+  c








_#sZsz}rqxj{´oFj qxjmlr³qxlrqx§|cTj#cbqx{z_m¦ sLnr_#sZs? }r½R}rl&cba qxj±_qtp&_ j#cbqx{z_m¦ sLn¼j#sZc}9oFn&cdlr_#sz}c
rsLqxj#c¦m½Bo¼}&cpblrqtsLj°sF]n&s|oL¹yc_)o§|c #
6[W\ L T *-$8+   J K M+O  6[\ L T *-$  
 $  +       [W\ L T *-$8+




			 !"#$%	&'()# *,+.-$/01  J~e
j oLp&_¾l&cbnra  [\ L T *-$+cP²?n&c}}&c}lr_#c¼n&sL¦)oF¦qxxqxlº½ sLnlr_#c9psLj#}rqtcbn&c¾}cpblrqtsLj1e9l&s¦ c}&qxlr³)oFl&cuoFllr_#cEpb³nrn&cbjmlsz}&qxlrqtsLj{zqx§|cbjulr_#cqxaDoF{|cE#oFloR®
 n&s|oL\qt}cP¿#j#coL}ofxqxj#c~oFn}rlrnr³#pblr³n&c¬sLnra9qxj{9cP²R_qx¦qxlrqxj{¼opsLjmlrnoL}rlqxlr_n&c}r cpbl
l&sflr_#c¦)oLp¡Z{zn&sL³j#¹® '¾clr_m³#}cP¿#j#clr_n&cc»~sLj#c}$#Wo  n&s|oL »~sLj#czyRo  ¦)oLp¡Z{zn&sL³j# »~sLj#czy
oFj#¸oFj  qxjZl&cbnradcRq<oFl&c u»~sLj#c¾«Xl&s´c~oFqxlr_¸Rq¶µ¹cbn&cbjml\n&s|oL lr_qtp&¡?j#c}&}&c}4­PyoL}d}r_#s¨j¸qxj
¿#{z³n&c  R® '¾c¼p~oFtpb³<oFl&clr_#cadc~oFj#}sFlr_#c  n&s|oL 9oFj#°lr_#c  ¦)oLp&¡?{zn&sL³j# ¼»~sLj#c}~®q¶²cbt}
sFlr_#c¼qxjml&cbnradcRq<oFl&cD»~sLj#cdoFn&c9pb<oL}&}rq¶¿)c´oL}  n&s|oL «Xn&c}&®  ¦)oLp¡Z{zn&sL³j#  ­q¶lr_#cbqxn§zoFx³#c
qt}pbtsz}&cbnfl&sBlr_#c  n&s|oL °«Xn&c}r®  ¦)oLp&¡?{zn&sL³j#  ­fadc~oFj¯lr_)oFj±l&slr_#c  ¦)oLp¡Z{zn&sL³j# "«Xn&c}&®
 n&s|oL  ­adc~oFj®
 }rloFlrqt}rlrqtp~oF¹_Z½Z sLlr_#c}rqt}l&c}rl¦ cblºccbjBlr_#csL¦loFqxj#c»~sLj#c}qt}lr_#cbjBpsLa9³l&c¹®^_qt}
l&c}&lRqt}pbnrqxa9qxj)oFl&c}E¦ cblºccbj¯lr_#c¼lºsB{zno½"tcb§|cb3Rqt}rlrnrqx¦³lrqtsLj#}~®&'¾c¼p&_#s?sz}&c¼lr_#c -HF
   W(#
g  g  e g *# 
  T +       T * " 	  & " 	 "  & "  K T + * "  Z "  +
 cpbn&c~oL}rqxj{u¬³j#pblrqtsLj·sFlr_#cDl&c}&lf§zoFx³#cD{zqx§|c}lr_#cDqxaDoF{|cPvºcb cbj#cbjml9 sLl&cbjmlrq<oFsF
lr_#cpsLj#}&qtcbn&cu}&cpblrqtsLjusFWn&s|oL #
 [\ L T *-$8+ 
 *g  g  e-g *# 
  T + +
_#cbn&c#oFj# T oFn&c9lr_#c  ¦)oLp¡Z{zn&sL³j# ToFj#¾lr_#c  n&s|oL d{zn&cb½tcb§|cbRqt}rlrnrqx¦³lrqtsLj#}oFtsLj{)oFlr_dpsLa9³l&c sLn}&cpblrqtsLj emy 
 *-$8+  J$\oFj#  qt}3o)oFnoFadcbl&cbn3l&s¦c}&cbl~®¤}rqxj{
lr_qt}¤l&c}rl¤ sLnlr_#cnrqtsLncbj#cbnr{z½uqt}adsLn&c9oLppb³noFl&c¼lr_)oFj³#}rqxj{Rqxn&cpblrx½ulr_#c¼cbj#cbnr{z½°{zqx§|cbj
¦Z½Fj&hfj¢j3y?¦cp~oF³#}&clr_#c<oFlrl&cbn}rlrn&sLj{zx½\cbcbj#}sLjTlr_#cjZ³af¦ cbnsFq¶²Rcbt}oFtsLj{lr_#c




 [W\"*-$8+   
 KL  M   
 KL  M[W\ L  *-$8+Z  
 
 [W\ L T *-$8+







J   1  D%   	
	$8"	 W6%'W (W" 	H'
©]qx{z³n&c   #^_#c¤eRq¶µ¹cbn&cbjml»~sLj#c}¬sLnlr_#c¤l&c}rl #]lr_#cn&s|oL´«Xqxj\¦<oLp¡­Py?lr_#c¤¦)oLp&¡?{zn&sL³j#´«Xqxj
{zn&cb½#­PyRlr_#cqxjZl&cbnradcRq<oFl&cf»~sLj#cD«X_)oFl&p_#c)­P®
 cbn&cbqxjy¹c9}oFa9tclr_#c¿)cbt $¾³#}rqxj{Bo"cblrn&sLsLxqt}R½?j)oFa9qtp} KJ~º®f©)sLnEc~oLp&_¾j#s?c
}&³#ppc}&}rqx§|cbx½|yzcRno¥o¤j#cbÀsz}rqxlrqtsLj9qxlr_qxjTo¤qxj#s~ÀpcbjZl&cbn&cDsLj9lr_qt}j#s?csz}&qxlrqtsLjy
oFj#B§LoFxqt#oFl&cEsLnj#sLl³#}rqxj{d°cblrn&sL sLxqt}R½?j)oFa9qtp})#
Jz®hºjqxlrq<oFxqx»¨oFlrqtsLj #    zy $ I  R cP¿#j#c¦m½lr_#c aDoFy  s¤oFj#¼}&cbl]lr_#c l&sLloFRjm³a¦cbn
sF]qxl&cbnoFlrqtsLj#}l&s%0 y
R®©#sLnc~oLp&_uj#sZc $ I7R #
R®KJz®'_#sZsz}cnoFj#sLa9x½oj#cb0 sz}rqxlrqtsLjdsF$Uqxlr_qxjBoqxj#s~2pcbjZl&cbn&csLj
lr_#cpb³nrn&cbjml sz}rqxlrqtsLj $ I7R y
R® R®&sLa9³l&clr_#cpsLj#RqxlrqtsLj)oFcbj#cbnr{z½9§zoFnrq<oFlrqtsLj\sF¹lr_#cads¨§|cbadcbjml $ I	 R  

    * 9   +    *-$ I7R 9   +
_#cbn&cW]qt} $  }j#cbqx{z_Z¦sLnr_#s?s?¹y
R® eR®3hº   ^ sRylr_#cbj $ I7R  y
hw   
 sRyRlr_#cbj $ I	 R  \qxlr_Bn&sL¦)oF¦qxxqxlº½    *     +y
eR®hw  %0  }rl&sLycbt}&c    ZoFj#  I	 &  R  I	 &  R




			 !"#$%	&'()# *,+.-$/01  J	 





©qx{z³n&c N°}r_#s¨}¼lr_#c\n&c}&³xl¼sFlr_#coFx{|sLnrqxlr_aqxlr_·oFj qxjqxlrq<oFaDoF·n&sLloFl&c ¦m½ R® 
noLRq<oFj¯Xn&sLa lr_#cdn&c~oF p~oFnrl&sL{znoF_qtpT#oFloR®^_#cdj#s?c}_)o§|c\¦ccbj¯tsZp~oFl&c oFlElr_#cdnrqx{z_Zl
Q
QSR!THUVWUV
JM  1  D%   	
	$8"	 W6%'W (W" 	H'








			 !"#$%	&'()# *,+.-$/01  J8N
©]qx{z³n&c  # jW²#oFa9tcfsFWn&c}r³xlf«X¦ sLlrl&sLa\­sL¦loFqxj#c¬n&sLa o¼Rqt}rl&sLnrl&cBaDoF±«Xl&sL­
Q
QSR!THUVWUV
J   1  D%   	
	$8"	 W6%'W (W" 	H'























KJ°cbqxn LoFnr»~sL_)oFnoFj#  o§?qt%L® s?sL cbn~®³l&sLaDoFlrqtp¿#j#Rqxj{9sFaDoFqxj\n&s|oL}qxjoLcbnrq<oF
qxaDoF{|c}¦m½"³#}rqxj{{|csLadcblrnrqtpPvº}rl&sZp_)oL}rlrqtpdads?cbt}EoFj#´c}rlrqxaDoFlrqtsLj®  /H	H-, !
+ !" 	   *( F '1  W= 1  DF by
J  «Nz­ # NLN	,NL,Jzy
|³x½ J~z!MR®
 
|sL_j oFjjm½|®  psLa9³loFlrqtsLj)oF¤oFn&s|oLp&_Àl&scR{|ccbl&cpblrqtsLj®  /H	H-, !
+ !" 	   *( F '1  W= 1  DF by  «"M|­ # MNL Mz RyJ~ !MR®
 eoLp&_qt  cbnrqtp&_#cz® }&qxj{ oFjjm½  }pbnrqxl&cbnrq<o¯l&s±cbnrqx§|co¾n&cpb³n&}&qx§|cbx½¸qxa9tcbadcbjml&c
sLlrqxaDoFcR{|c"cbl&cpbl&sLn~® W= 	F!"F   	WF!    , 	 !)y J|« |­ #KJMN	
J  N?y J~ N?®
  o~§Zqtcbn  c}&psLaf¦ c}~y _nrqt}rlrqxj#c  qx§|cbnrj)oFl~yD¢RoFj#Rnrqxj#c·oFj#Rnrq<oFaDoL}r½|y9oFj#
|sz}&q<oFj#c
cbnr³¦q<oR®AnoF_RvwaDoFl&p&_qxj{adsZcb#³#}&qxj{2A¤qx¦¦#}rq<oFjdads?cbxqxj{ #WoFxqtp~oFlrqtsLjDl&sEaDoFRv




#®  ®^Ucbjj#cbjZ¦)oF³aBy3oFj#  ® ¤® '¾sL¶r®  cbl&cpblrqtsLj±sFn&s|oL}oFj#¾xqxjRv
c~oFnE}rlrnr³#pblr³n&c}Eqxj´ts¨vwn&c}&sLx³lrqtsLj oLcbnrq<oF3qxaDoF{|cbnr½³#}rqxj{uoTa³qxxlrqt}&sL³n&pcd¡?j#s~tcR{|c
qxjml&cb{znoFlrqtsLjul&cp_jqm³#cz®  +y J	  # z,J?zzeRyJ~ ,Jz®
 M  o~§ZqAcbqx{|cbn~yLtsL¡2A¤³loRy ¹³qx»® sz}rloRy|oFj#
|sL_j¤tsLjmlr»~sz}¨®  ½?j)oFa9qtp n&sL{znoFa¼v
a9qxj{E sLn cbl&cpblrqxj{#y?lrnoF¡Zqxj{¼oFj#daDoFl&p&_qxj{¼cP sLnraDoF¦tcpsLjZl&sL³n&}~®  / 	!H , !
+ !" 	   *( F '1  W= 1  DF by
J8NR« e|­ # z" ?ezzRyoFn&p&_ J~z  R®
 N 9¢Zlr³)oFnrl'AcbaDoFj·oFj#  sLj)oFt,AcbaDoFj®±¢Zl&s?p&_)oL}rlrqtpTn&cb<oI²#oFlrqtsLjy A¤qx¦¦#}¼Rqt}rlrnrqx¦³lrqtsLj
oFj#Dlr_#c.Lo½|c}rq<oFjTn&c}rloF³noFlrqtsLjsFUqxaDoF{|c}~®  / 	  , ! + !" 	  F! *(W1.
 +   W=   K byFM«"M|­ # NL,J,N  Jzy  s¨§|cbaf¦ cbn J~ " #®
! 1AcbnoFn& AqxnoF³#sLj® _)o"!tj)oF{|cTcDp~oLpcTc\psLjml&sL³n~®"h  ¤h *c}&c~oFn&p_ cbsLnrl«Xqxj
©n&cbj#p&_­ Mz  Ry J~ N?®
 uqtp_)oLcb#EoL}&}~yj#Rn&cb '0qxlr¡Zqxjy#oFj#  cbadcblrnrqU^cbnr»~sLsL³tsz}¨®¢Zj)oF¡|c})#pblrqx§|cfpsLjRv




cbl&cpblrqxj{dxqxj#c}qxjB}oFl&cbxxqxl&cEqxaDoF{|c}~®3hkj + 	8=,(' *)   y?o½ J~zzeR®
KJ!J  qtpsL<oL}d"cbnrtcbl\oFj#
msz}rq<oFj#c*cbnr³¦q<oR®  ¤cb n&sz}r cpbl&}9qxj¸xqxj#cucbl&cpblrqtsLjÀ¦m½·R½Zv
j)oFa9qtpn&sL{znoFa9a9qxj{#®+  / 	H ,. + !" 	   *( !F, +  W= 1 .-
F yJ  «* Z­ #  m!M  me,Jzynrqx J~z!MR®
Q
QSR!THUVWUV
z  1  D%   	
	$8"	 W6%'W (W" 	H'
KJ~   °cblrn&sL sLxqt}~y ® ' ®sz}&cbjZ¦x³lr_y  ® ±®sz}&cbjZ¦x³lr_y¹®  ® ^Ucbxtcbn~yoFj# j® ^Ucbxtcbn~®j&m³)oFlrqtsLj9sF}&loFl&cp~oFtpb³<oFlrqtsLj#}W¦Z½EwoL}rlpsLa9³lrqxj{aDoLp_qxj#c}~® ,8,)"+_S*(by
,J%#KJ~ N	FJ~z,JzyJ~  zeR®
KJ~ecbl&cbn 
#® ±®)§LoFj UozoFnr_#s~§|cbj´oFj#Yja9qxtc  ®  ®#¤oFnrl&}¨® *= &DK!  = 1   ,	+*
F  Q   !!HP®  ®#cbqtcbwy J~ N?®
KJ qtp&_)oFn& ¤® '0qxt}&sLjBoFj# j3Rqxjuf®  oFj#psZp¡®3¢Zlrnr³#pblr³noF¹aDoFl&p&_qxj{D¦m½Rqt}&pbn&cbl&c¤n&cPv
<oI²oFlrqtsLj®   / 	!H ,H! + !" 	  F! *(W1 F#+  W= 1  DF byHJ~«"M|­ # Mze" 
M"   Ry 
z³j#c%J~zN?®
(*) Q+(-,
Unité de recherche INRIA Sophia Antipolis
2004, route des Lucioles - B.P. 93 - 06902 Sophia Antipolis Cedex (France)
Unité de recherche INRIA Lorraine : Technopôle de Nancy-Brabois - Campus scientifique
615, rue du Jardin Botanique - B.P. 101 - 54602 Villers lès Nancy Cedex (France)
Unité de recherche INRIA Rennes : IRISA, Campus universitaire de Beaulieu - 35042 Rennes Cedex (France)
Unité de recherche INRIA Rhône-Alpes : 655, avenue de l’Europe - 38330 Montbonnot St Martin (France)
Unité de recherche INRIA Rocquencourt : Domaine de Voluceau - Rocquencourt - B.P. 105 - 78153 Le Chesnay Cedex (France)
Éditeur
INRIA - Domaine de Voluceau - Rocquencourt, B.P. 105 - 78153 Le Chesnay Cedex (France)  	


  
ISSN 0249-6399
